Flexible inorganic bioelectronics represent a newly emerging and rapid developing research area. With its great power in enhancing the acquisition, management and utilization of health information, it is expected that these flexible and stretchable devices could underlie the new solutions to human health problems. Recent advances in this area including materials, devices, integrated systems and their biomedical applications indicate that through conformal and seamless contact with human body, the measurement becomes continuous and convenient with yields of higher quality data. This review covers recent progresses in flexible inorganic bio-electronics for human physiological parameters' monitoring in a wearable and continuous way. Strategies including materials, structures and device design are introduced with highlights toward the ability to solve remaining challenges in the measurement process. Advances in measuring bioelectrical signals, i.e., the electrophysiological signals (including EEG, ECoG, ECG, and EMG), biophysical signals (including body temperature, strain, pressure, and acoustic signals) and biochemical signals (including sweat, glucose, and interstitial fluid) have been summarized. In the end, given the application property of this topic, the future research directions are outlooked.
INTRODUCTION
Driven by the desire to better understand the human body, thus keep it healthy, electronics for biomedical applications are developing fast. [1] [2] [3] Flexible/stretchable electronics are extending the concept of healthcare in both spatial and temporal dimension by enabling much more accurate and comfortable monitoring and treatment. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] With accurate and massive data measured by the electronic devices that can be integrated with the human body, biomedical applications could ride the tide of artificial intelligence and internet of things.
Basically there are two strategies to realize flexible and stretchable electronic devices. One, known as plastic electronics, is to develop and utilize the intrinsic deformable organic materials with conductivity, semi-conductivity or other properties in transduction and energy storage and so on. [17] [18] [19] [20] [21] [22] OLED (organic light emitting diode) display is a successful example for flexible organic electronics. The other is inorganic flexible/stretchable electronics, whose functional elements are based on inorganic materials. By transfer printing, conventional brittle inorganic electronic materials, like silicon, could be transferred into a stretchable and flexible form. 23 The main advantages of the latter are much higher electronic mobility, better stability, much less aging in the air as well as highly mature manufacture technique.
The research interests and products in flexible and stretchable inorganic electronics have been springing up ever since the discovery of stretchable silicon ribbon which was marked as one of the top 10 technologies by MIT's Technology Review Magazine 24 in 2006. Especially in the biomedical field, electronic devices have to be flexible and/or stretchable in order to intimately integrate with the soft, deformable, and configuration-complicated biological tissue. [25] [26] [27] [28] [29] [30] Flexibility of the electronic devices can be realized by reducing their thickness, since the bending stiffness decreases at a three orders faster speed with decreasing thickness, while stretchability can be achieved by pre-strain formed wavy configuration, island-bridge structure and serpentine and fractal interconnects design. 23, [31] [32] [33] [34] [35] [36] [37] The main idea in these strategies is to utilize the buckling/post buckling of the delicate patterned inorganic materials to minimize the strain in the functional layer while the whole devices are under large deformation. Mechanics analysis, such as FEA (finite element analysis) is very helpful to determine and optimize the stretchability of the device. 33, 36, [38] [39] [40] [41] [42] [43] [44] Flexible and stretchable inorganic devices' fabrication is generally based on micro-fabrication including film deposition, lithography and most importantly transfer printing technology which transfers the inorganic functional unit from the donor substrate onto the soft target substrate. 45 The typical transfer printing method depends on the kinetic control of elastomeric stamps (e.g., PDMS stamps) whose interface strength towards the inorganic material can be tuned by the peeling speed, contact area or shear stress. In order to transfer and print successfully, this interface strength has to be strong enough to pick the inorganic elements up from the donor rigid substrate yet weak enough to release them onto the target soft substrate. [46] [47] [48] [49] [50] [51] [52] Recent years stamps based on shape memory polymer (SMP) have been proposed for scalable, selective, and programmable transfer printing taking the advantages of the reversible adhesion of the SMP. 53, 54 With these design and fabrication strategies for flexible and stretchable inorganic electronics, devices aiming at biomedical applications are now being utilized in the fields range from the monitoring to diagnose and therapy as shown in Fig. 1 . The two key considerations for flexible/stretchable devices to measure physiological signals in human body are accuracy and compatibility. As shown in Table 1 , the intrinsic challenges for accurate monitoring are low SNR (signal noise ratio) and weak relevance. Conformal contact can be helpful to enhance the SNR of weak signals like EEG. 55 And porous/hybrid electrode can be used to enhance the SNR during sweat composition analysis. 56, 57 Building electrochemical channels with ultrathin and conformal electrode has been proved to be an effective way to overcome the weak relevance in chemical signal inside and outside the human body, like measuring the blood glucose non-invasively on the skin. 58 The extrinsic elements that should be considered are the dynamic deformation of the human body as well as the environmental effects like temperature and light. 25, [59] [60] [61] [62] Besides, the internal interfaces of devices as well as the human-device interfaces are also important in collecting the signal accurately in the long term. Micro-structure enhanced device internal interface and tattoo-like electrode enabled intimate contact are the inspiring solutions to these interfacial issues. 30, [63] [64] [65] [66] [67] [68] Compatibility is the other vital part for biomedical devices. Generally, they should be mechanically, biologically, and thermally friendly to human body when collecting signals. Useful strategies have been summarized in Table 2 . To be mechanically compatible, the stretchability and conformal contact are the basis for devices to be mechanically invisible to the human body. [69] [70] [71] [72] With geometry designed strain limiting substrate, a device that resembles the stress-strain behavior of skin can be safe and comfortable in long-term wearing. [73] [74] [75] To be biologically compatible, devices working on the skin shall be breathable with the help of textile/micropores or nanofiber meshed membrane based substrate. [76] [77] [78] [79] [80] For implantable devices, tunable degradable substrate and bioresorbable functional materials offer them with the biocompatibility they need inside the body. 81, 82 To avoid rejection is a common task for both inside and outside devices, which is solved by encapsulate them with biocompitable materials like PDMS, silicone, PI (polyimide), hydrogel and silk protein and etc. 55, [83] [84] [85] [86] Moreover, for special working places like wound, the devices should be inhibitive to bacteria, in such cases silver nanoparticle or nanowire based substrate has been demonstrated to be effective. [87] [88] [89] Unlike traditional electronics, stretchable/ flexible devices are often supported or encapsulated by bad thermally conductive materials like polymer. Considering the sensitivity of human tissue to temperature rise, the temperature rise of the devices is an inevitable problem, when the heat generation of the devices increases with increasing integration density, especially those with power components. Thermal conductivity enhanced substrate and heat sink have been proposed to solve this problem. [90] [91] [92] [93] [94] [95] Here we review the state of art flexible and stretchable inorganic devices regarding to biomedical applications with special focus on the recent advances in the measurement of a variety of basic physiological signals including bioelectrical signals (e.g., electrocardiograph (ECG), electroencephalograph (EEG) and electromyography (EMG)), biophysical signals (e.g., human body Sweat composition To improve the electrochemical activity of sensors by porous/hybrid electrode 56, 57 Weak relevance Non-invasive blood glucose Extract glucose from interstitial fluid or blood to the surface of the skin through the method of Electrochemical channels 58 
Extrinsic
Dynamic deformation Body temperature Composite materials with zero gauge factor 61 Rigidity programmable substrate 25 Temperature noise Sweat composition Temperature sensor as reference 59 Ambient light noise Blood oxygen Opaque encapsulation layer and intimate contact 60, 62 Interfacial Device internal interface EMG Root inspired interlocking layer 30 Human-device interface Sweat composition Tattoo-inspired electrochemical sensor to realize intimate contact with the skin [63] [64] [65] [66] [67] [68] temperature, strain, pressure, and acoustic signals like heart sounds and bowel sounds) and biochemical signals (e.g., blood glucose and sweat). Since the flexible bioelectronic devices are able to conformal to the curved bio-tissue surface and dynamically adapt to the host's deformation, the SNR and spatial resolution have been much improved compared with (their)the conventional counterparts. Flexible bioelectronics shall not only improve human healthcare but also change our way to study the bioscience.
BIOELECTRICAL SIGNALS MONITORING
As one of the most important biological signals, the electrophysiological (EP) signals including electroencephalogram (EEG)/ electrocorticography (ECoG) of the central nerve system (CNS), action potentials of peripheral nerve system (PNS), electrocardiogram (ECG), electromyogram (EMG) and electrooculogram (EOG) as shown in Fig. 2 , contain vital clinical cues about human physiological activities and various diseases. EP signals have been widely studied from clinical applications to human-machine interfaces. In this section we summarize the recent advances in EP signal recording and applications via flexible inorganic electronics.
EP signals of CNS and PNS EEG and/or ECoG (known as the intracranial electroencephalography, i.e., iEEG), measuring the voltage changes induced by the ionic current within the neurons, has been an important method to understand the brain function in cognitive neuroscience and study the neurological disorders in clinical such as epilepsy, Parkinson's disease and Alzheimer's disease and so on. 96 As shown in Fig. 2 , the typical EEG signals can be categorized by frequency [70] [71] [72] Skin-like stress-strain behavior Strain limiting substrate [73] [74] [75] Biologically Being breathable Textile/micropores/nanofiber meshed membrane based substrate [76] [77] [78] [79] [80] Bio-degradability Tunable degradable substrate and bioresorbable functional materials 81, 82 No rejection Encapsulation with biocompatible materials like PDMS, silicone, PI, hydrogel and silk protein and etc. 55, [83] [84] [85] [86] Inhibition of bacteria Silver nanoparticle/nanowire based substrate [87] [88] [89] Thermally 97 Traditionally EEG is recorded by surface-contacting electrodes pads with conductive gel placing on the scalp and ECoG is measured by penetrating microneedles. Despite of significant success in EEG/ECoG related studies, advances in the EEG/ECoG measuring technology are still demanded in the following aspects: (1) increasing the spatial resolution and the measuring area with high-density electrode array; (2) increasing the signal quality with intimately conformal contact and smaller contact impedance; (3) developing long-term and continuous EEG/ECoG recordings with wireless, energy friendly and biocompatible devices.
Recent advances in flexible electronics have offered promising solutions to the abovementioned challenges. Mechanics theory indicates that the bending rigidity of a device determining its flexibility is inversely proportional to the cubic of its thickness. Therefore, reducing the electrode's thickness becomes the first path towards intimate contact, low impedance and consequently better signals. [98] [99] [100] [101] [102] [103] [104] Compared with routine electrodes, flexible and large area devices based on polymer substrate, typically the polyimide (PI), are more attractive due to better contact as well as the ability to record signal in larger areas. 101 The flexible multichannel electrode array based on MEMS with total thickness of 10 μm and as many as 252 channels has been proved to be effective in ECoG recording by in vivo testing, even after as long as 4.5 month's implantation. 100 To go beyond the self-supporting thickness limit (~10 μm) for a flexible device, the ultra-thin electrode based on dissolvable silk fibroin film is proposed as shown in Fig. 3a . 55 When in clinical use, the device is settled on the corresponding brain area. And then saline solution poured on the device dissolves the silk substrate leaving the ultra-thin electrodes mesh (2.5 μm) forming highly conformal contact spontaneously with the curvilinear brain tissues driven by the capillary forces as shown in Fig. 3b . The dissolvable silk substrate has brilliantly solved the dilemma of thickness between manipulation and flexibility. And the open mesh geometry further increases the intimacy of the two surfaces. The in vivo experiments carried out with comparison of thin film electrode on PI with different thickness indicate that this strategy results in higher SNR with good contact as shown in Fig. 3c .
Mapping large areas of the brain without losing high spatial resolution and conformability is attractive both for the basic neuroscience research and the clinical medicine, and one of the primary issues is the large amount of interconnects. By incorporating silicon multiplexed active transistor, a flexible, high-density electrode array has been developed as shown in Fig. 3d . 105 With this strategy the number of required interconnects for n × m electrode array has been reduced from 2 mn to m + n, and the spatial resolution of 360 electrodes has been promoted to sub-millimeter (the electrode size is 300 μm × 300 μm and the spacing is 500 μm). With the mechanics analysis guided design and transfer printing featured micro-fabrication technology, the whole device is 25 μm thick with encapsulation ensuring its conformal contact on the cat brain surface as shown in Fig. 3e . What's more, this device is so flexible that can be folded without performance degradation and inserted into the interior of sulci with no damage to the tissue, as in the inset of Fig. 3e , to record more valuable signals. Visual evoked responses have been recorded by the device in the carefully designed visual stimuli, and the signal has been shown in Fig. 3f . Accorded with the expectation, the signals recorded by this device have confirmed the prior knowledge in visual function of the brain.
Apart from the ECoG's information quality, another restriction for electrode device's clinical application, especially the postprocedure monitoring, is the invasiveness and extraction surgery risks. Biodegradable electrodes based on transient electronics technology that can record the electrical activity of the brain like the normal ones while being able to degrade are promising in the long-term ECoG measurement. 81, 106 Figure 3g shows the biodegradable and biocompatible electrodes integrated with a rat's brain, which are stable yet transient in a system-level and controllable way. The transient and flexible ECoG electrodes consist of highly doped silicon nano-membrane as the measurement interface, resorbable PLGA (poly lactic-co-glycolic acid) as the flexible substrate and silicon dioxide as the interlayer dielectric isolating the interconnections from the biofluids as shown in Fig.  3h . And the in vivo experiments demonstrate that the chronic recordings can be taken with good biocompatibility through this strategy for as long as 30 days.
In additional to the recording of CNS, the recording of PNS plays an important role in both neuroscience research and clinical practices. 107 Aiming to balance the invasiveness and high selectivity, researchers have kept optimizing the bio-electrodes for PNS from traditional intraneural electrodes such as Michigan and Utah electrodes, to extraneural electrodes such as cuff electrodes, PI-based electrodes. [108] [109] [110] [111] Figure 3i shows a very recently developed 3D twining electrode, 112 which can self-climb onto the peripheral nerve from a two-dimension state with the aid of the shape memory effect. More importantly, the 3D twining electrode can form a flexible and conformal neural interface, which can reduce the inflammation of the nerve tissue without compromising the recording SNR, and it has showed potential in clinical application.
ECG
Similar to the human brain, flexible inorganic electronics can be used for diagnosing and treating heart disease, such as cardiac arrhythmias and heart failure. [113] [114] [115] [116] Lots of work has been carried out to develop flexible electric devices for cardiac electrophysiology mapping and electrotherapy from intracorporal devices such as the balloon catheter and the multifunctional web device that can be conformal integrated with the dynamic heart, to extracorporeal devices such as the epidermal electronic system. For the invasive devices, the balloon catheter integrated with ECG multi-electrode arrays, temperature and RF ablation electrodes, is useful for the monitoring of ECG while ablating point by point as shown in Fig. 4a . 117 To further provide full, spatial-temporal cardiac electrical rhythms in real time without manual repositioning like catheter, more advanced multifunctional mapping systems have been developed. Figure 4b shows a conformal, high-density electrodes based on multiplexing circuitry adherent on the cardiac surface with high spatial and temporal resolution. 118 The representative ECG recordings for all 288 electrodes at 4 points in time show that a wave of cardiac activation propagating from the left side of the array to the right side as shown in Fig. 4c .
As for the epidermal electronic system for the ECG monitoring, the capacitive measurement is regarded as the advanced method compared with those in need of contacting gels, due to the advantages such as friendly sterilization, non-currents leakage, less irritation or allergic reactions, and most importantly less sensitivity to motion artifacts. 85 With its flexibility and stretchability the epidermal ECG sensor can be intimately integrated with human body reversely simply by van der Wasls force as shown in Fig. 4d . The equivalent circuit model of capacitive ECG sensor is shown in Fig. 4e . The contrast of signal of capacitive flat and rigid electrodes to that of the epidermal ECG sensor shown in Fig. 4f demonstrates the ability of the latter to resist the artifacts caused by motion.
Cardiac electrotherapies, which include cardiac ablation therapy, pacing and defibrillation, play critically important roles in treating cardiac arrhythmias. Lots of effort has been made to diminish the interface mismatch between the electrodes and the cardiac tissue by adopting the strategies and technologies of the flexible inorganic electronics. The abovementioned balloon catheter integrated RF electrodes cloud provide precise access to anatomical regions to ablate abnormal focal tissues. 117 Development of flexible and stretchable electrodes with large coverage area (i.e., mesh electrodes) will benefit the cardiac pacing and defibrillation where large areas of the myocardium are required to be excited simultaneously. 115, [119] [120] [121] In the meantime, the flexibility and stretchability of the mesh electrodes not only largely reduce the effective modulus of the whole devices and guarantee that the cardiac will not bear large pressure, but also increase the mechanical reliability so that the electrodes could deform compatibly with the dynamically beating heart. EMG EMG is the recording of the electrical activity generated by the skeletal muscles, which is of critical value in clinical and scientific aspects. Clinically, EMG can be used to evaluate neuromuscular function especially for patients with stroke or Parkinson's disease. Scientifically, EMG can be used to study the muscle pain mechanism or to develop human-machine interface. Generally, EMG can be divided as surface EMG (i.e., sEMG) and intramuscular EMG. The stretchable and flexible EMG sensors that can be integrated with the epidermis or skeletal muscles are desired due to much smaller and more stable interface resistance, especially with the good performance during dynamic measurement.
Several epidermal devices have been introduced to measure the sEMG. 83, 122 Figure 5a shows such an epidermal EMG sensor that wears on human body. 83 An EMG sensor (including the measurement, reference and ground electrode), a temperature sensor, a strain gauge as well as several stimulation electrodes are integrated on the device. The temperature sensor measuring the skin temperature can be helpful in muscle fatigue detection. And the strain gauge measures the deformation of the muscle. The structure of the integrated device is simple. It is consist of three layers of insulating polyimide and two layers of metal traces, i.e., one is the measuring layer and the other is the stimulating layer. To demonstrate the performance of both the sensing and stimulating electrode, the M-wave signal was recorded with 1 Hz and 50 V stimulation, as shown in Fig. 5b .
The devices measuring intramuscular EMG signals have been reported by Kim et al. 123 Researchers developed a stretchable and transparent cell-sheet-graphene hybrid device comprised of biocompatible materials whose layout is shown in Fig. 5c . The Au-doped graphene mesh in the device served as the recording and electrical stimulating electrode. Not only can recording the EMG signal, this device can also benefit the wounded muscle in regenerating the cell sheets by applying electrical stimulation, as demonstrated in the in vivo testing shown in Fig. 5d , e.
What's more, combining the electrode stimulating function in EMG devices with EP recording function in EEG/ECoG devices, neuromuscular electrical stimulation can be designed to form an electronic neuroprosthetic device for paralysed human to control machines like computers and robotic arms through thinking. This device acts as the signal pathways between the brain and the muscles. Bouton et al. proposed a prototype in which the ECoGs can be linked in real time to muscle activation as shown in Fig.  5f . 124 They decoded the neuronal activity from the ECoGs through machine-learning algorithms and then restored movement by applying high-resolution neuromuscular electrical stimulation. As the ending of this section, this work has pictured an exciting image where brain cannot only control the healthy body, but also the disabled human body or even machine, which shall be realized by the stretchable and flexible EP sensors in the near future.
BIOPHYSICAL SIGNALS MONITORING
Attaching the flexible biomedical devices on the skin can measure the biophysical signals of human body, such as temperature, strain and pressure. Among them, temperature is one of the fundamental parameters most concerned by the physicians. Continuous and long-term monitoring of basal body temperature, local temperature around the wounds, as well as the skin temperature mapping near the superficial blood vessel gives important hint for the clinical diagnose. Moreover, strain and pressure on the human body can be used to reflect all kinds of physiological activities that cause tissue's deformation, such as body movement, pulse, respiration and phonation. Herein, various skin-like devices have been developed to measure the temperature, strain and pressure of human body by integration with the skin. The main challenges regarding to these skin-like devices are (1) the biocompatibility issue concerning long-term integration with human skin; (2) decoupling the noise caused by body movement from the subtle signal of interest; (3) to integrate more functions in a single device, and so on. As shown in Fig. 6a , these skin-like devices have been applied in various scenarios like wounds monitoring and therapy, blood flow sketching and skin status assessment, and so on. This section introduces strategies to measure temperature, strain and pressure of human body by integrating flexible and stretchable devices onto the skin, with emphasis on the abovementioned challenges as well as the applications.
Body temperature A variety of flexible temperature sensors have been developed to measure body temperature. The measuring materials commonly used are metal, 125 semiconductor, 126 carbon group materials, 127, 128 polymer-carbon group materials composite 129 and the thermochromic liquid crystals 130 and so on. Regardless of all kinds of sensitive materials and sorts of device design in flexibility and stretchability, for devices aiming at measuring body temperature in long-term and continuous style, the priority faced with them is the compatibility issue raised by the allergy or infection of the skin. And the allergy is the result of skin's failing to breathe. Although the skin's breathing contributes little to the whole body, the cells located within 0.25-0.4 mm to the skin surface are heavily relied on this activity. 131 As shown in Fig. 6b , a breathable and stretchable temperature sensor inspired by skin is realized by introducing porous structures, as shown in the SEM image in the inset, into the substrate and encapsulation layer of the device. 80 With pore sizes ranging from a few tens of nanometer to several micrometer, the substrate and encapsulation layers are permeable for the sweat to go through in the form of water vapor to avoid maceration and air (such as oxygen and carbon dioxides) to get in and out for breathing. Together with the serpentine like function layer, the whole device is breathable and stretchable just like the human skin. The in vitro test shows that after 24 h wearing including two times of shower (shown in Fig. 6c ), the skin under the device exhibits no sign of maceration or stimulation (shown in Fig. 6d ). Besides, as shown in Fig. 6e , the accuracy of this device is comparable to that of the mercury thermometer in axillary's temperature (i.e., the underarm temperature) measuring.
The utilization of soft materials enables flexible sensor conformally integrated with human epidermis; in the meanwhile, inevitable deformation of skin also brings deviation into real-time measurement due to the strain-resistive behavior. Several strategies have been proposed to diminish this strain caused noise to temperature signal. Solutions include design in structures, thermal sensitive materials as well as in fabrication strategy. Strain limiting substrate, by integrating rigid thin film onto pre-strained substrate to form wavy like composite substrate, is one of the structure design solutions. 73 To place sensitive elements on the neutral layer or micro-patterns, 132 where the strain is nearly none or isolated from the substrate, are also effective structure designs. Besides, encapsulating the sensitive elements in liquid environment, so that the elements can be detached from the substrate to buckle freely with much smaller strain, is also able to diminish the strain noise. 133 From the aspect of materials science, the best solution to this strain noise is to develop sensitive materials that is only sensitive to temperature, yet insensitive to strain, i.e., the gauge factor (GF) is zero. This kind of materials has been obtained by forming composite polymer with positive and negative GF materials in certain proportion, thus the composite polymer's GF is zero. 61 However, the structure designs can reduce the strain in the functional layer to a large degree, yet fail to fully diminish the strain. Besides, when in actual applications, the abovementioned strategies all have their limitations. The neutral layer's position may deviate at different level when the device is attached onto human skin. The micro-patterns, strain limitation structures as well as liquid encapsulation may increase the thickness of the substrate to some degree, thus decrease the flexibility of the whole device. And the composite materials method is limited to certain polymer, which is unfriendly to the inorganic flexible electronics. Therefore, rigidity programmable substrate based fabrication method is proposed. 25 The chemical principle of this rigidity programmable substrate is shown in Fig. 6f . The pristine material, namely the polysulfide elastomer origins from thiol-acrylate click chemistry, and its rigidity can be regulated through oxidized chemical modification of hydrogen peroxide (H 2 O 2 ). The fabrication strategy is demonstrated in Fig. 6g . The spatio-selective oxidation is introduced by patterned airlaid paper to enhance local rigidity that is capable of strain-isolation resorting to the ultra-large contrast of modulus (~150). This critical step makes this direct fabrication eligible to adapt to well-established lithographic process. Thus, functional elements like temperature sensor array can be directly fabricated upon the treated substrate with the units located on rigid regions. To evaluate its effectiveness, the device is placed on both wrist and knee joints undergoing large and dynamic deformation. All sensing units report highly constant temperature values with variation less than 0.08°C regardless of the motion frequency as shown in Fig. 6h , thus indicating the validity of this simple method in strain isolation.
Blood flow
Other than body temperature, skin-like devices can also play important if not revolutionary role in blood flow and wound monitoring applications. Take blood flow as an example, traditional measuring methods are faced with a common dilemma hindering the accuracy. Specifically, to guarantee the accuracy, the devices need to be pressed onto the human body to form good contact, yet this pressure will change the blood flow locally; and the non-contact measurements are always quite sensitive to motion and deformation of human body.
Skin-like devices can solve this difficulty since they can work on the skin in a mechanically invisible way with good accuracy even in condition of body movement or deformation. Epidermal devices based on thermal principle have been studied to map the blood flow in a non-invasive, precise and continuous way. 130, 134 Gao et al. 130 introduced an ultrathin, skin-like photonic device for mapping thermal characteristics of the skin. They patterned the thermochromic liquid crystals into large-scale, pixelated arrays and placed them on thin elastomeric substrates as colorimetric temperature indicators. Through analysis of spatiotemporal images obtained from radio frequency (RF) components, thermal conductivity and thermal diffusivity are accurately measured with milli-Kelvin precision (±50 mK) and submillimetre spatial resolution. Their demonstrations in the reactive hyperemia assessments of blood flow and hydration analysis, related to cardiovascular and health skin-care respectively, highlight the application in clinically meaningful tests. As shown in Fig.  7a , Webb et al. 134 reported an epidermal device for continuous mapping of macro-vascular and micro-vascular blood flow based on the anisotropic thermal transport phenomena around subsurface blood flow region. The device consists of a metallic thermal actuator, served as a constant source of thermal power to create a well-controlled increase in temperature, and 14 resistive sensors for sensing the spatiotemporal distributions of temperature that result from the heating. During measurement, the thermal distribution is strongly anisotropic, and the bias indicates the blood flow behavior, as shown in Fig. 7b , c. The device platform naturally conforms to the surface of the skin to eliminate relative motion between the actuator/detectors and blood, allowing for precise blood flow mapping as indicators of vascular health, particularly in diseases with vascular-associated pathologies.
Wound monitoring
The advantage of flexible and stretchable devices in wound monitoring is to get quantitative assessment of the local tissue during the wound's healing process. As shown in Fig. 7d-f , a flexible smart surgical suture has been designed and fabricated, which is integrated with silicon nanomembranes (Si NM) diode temperature sensors and microscale Joule heating elements for sensing and potential programmable delivery of local heating and electrical stimulation to promote healing of chronic wounds. 126 The device exploits biocompatible materials such as silicon in nanomembrane formats coordinated with natural biological responses in the body for improved health outcomes. The application of this smart surgical suture in in vivo animal experiments provides evidence for the practical use of this new class of devices.
Moreover, an integrated biomedical device has been developed as shown in Fig. 7g , and it incorporates six micro-metal resistors/ actuators for precise time-dependent mapping of temperature and thermal conductivity of the skin near the wounds with precision about 50 mK. 135 The use of biocompatible, ultra-soft layers of silicone, serving as the encapsulations, is capable to enhance the wearability on hypersensitive wound tissues, simple procedures for disinfection as well as the re-use property.
Strain and pressure Another critical parameter that can be measured on the skin is the active or passive deformation, namely the strain or pressure, resulted from the motion or certain physiological activity, from which we are able to detect body movement, pulse, respiration, pronunciation and the mechanical property of skin and so on. 136 For both strain and pressure measuring, there are resistive, capacitive, piezoelectric and triboelectric sensors and so on. The resistive functional materials include metal thin film, 137,138 metal nanomaterials, [139] [140] [141] [142] liquid metal, 143, 144 carbon nanotube, [145] [146] [147] [148] [149] graphene, 150-154 carbon black 155, 156 and so on.
When applied on human body, different measuring objects require the device's stretchability, sensitivity, linearity, detection range and detection limit differently. To match these requirements, functional material's category, pattern as well as the micro structures of the device can be considered. Usually measuring the joints' movement requests the sensor to be highly stretchable, dynamically responsive and reliable with large detection range since the deformation is relatively large. Therefore, non-metal materials are good choices. As shown in Fig. 8a , Yamada et al. 157 reported a strain sensor based on aligned single-walled carbon nanotubes (SWCNT) capable of measuring strains up to 280%, with high durability, fast response and low creep. Under stretching, the SWCNTs fracture into gaps and islands with bundles bridging the gaps, which causes relative change in resistance serving as a quantitative index. Applications of detecting movement, typing, breathing and speech by incorporating into clothing or attaching directly to the body have been demonstrated. And the collective results suggest a wide prospect in recreation, virtual reality, robotics and healthcare.
On the other hand, for weak activity monitoring like pulse or respiratory, it is better that the sensor is highly sensitive and mechanical invisible with small detection limit. Specifically, the large sensitivity and small detection limit are to deal with the subtleness of these signal, while the mechanical invisible is to avoid any disturb caused by the sensor itself. Therefore, metal or piezoelectric sensors are preferred from the perspective of materials. As shown in Fig. 8b Dagdeviren et al. 158 exhibited a piezoelectric sensor based on lead zirconate titanate (PZT) with enhanced piezoelectric response for cutaneous pressure monitoring whose sensitivity is~0.005 Pa and the response time is 0.1 ms. To amplify the response, the capacitor-type structure PZT is connected to the gate electrodes of MOSFETs based on nanomembranes of silicon (SiNMs). And the applications include arterial pulse pressure wave and speech caused motion on the throat measurements are demonstrated to indicate the feasibility of using flexible devices to measure the subtle signals on human body.
In addition to highly sensitive materials, micro-structures design is another important strategy to obtain highly sensitive sensors, especially with non-metal materials. 72, 156, [159] [160] [161] [162] [163] [164] [165] [166] [167] Various bioinspired micro-structures are the typical ones. Take one as an example, the bioinspired microhair interfacial structures are introduced in a wearable bandage-like capacitive pressure sensor to amplify the weak pulse signals, as shown in Fig. 8c . 72 It is observed that the SNR has been substantially improved comparing to that with flat device with no microstructure. Moreover, they demonstrate that the waveforms retrieved from a healthy subject and a person with cardiac diseases show different patterns, suggesting that the device can be advantageous toward expeditious diagnosis of cardiovascular and cardiac illnesses.
Another type of micro-structures design is based on 3D porous conductive network, such as carbon black-polyurethane (PU) sponge, 156 carbon nanotube-polymer sponge, 168 carbon aerogels 169 and etc. The porous structures based sensors are widely applied in pressure sensing and other various applications because of their high sensitivity, ultra-light weight, high porosity and other versatile properties. Currently there are two main strategies to form the 3D porous conductive network. One is to coat conductive materials on polymer based sponge, and the other is to directly build the conductive network with conductive materials, such as carbon fibers. A carbon black-PU sponge based pressure sensor, whose sensitivity is 0.068 kPa −1 , is the represent of the former strategy. 156 When the 3D porous materials are combined with bio-inspired structures, the device's sensitivity can be further improved. Han et al. reported a flexible skin-inspired pressure sensor based on 3D carbon nanofiber networks (CNFNs) as shown in Fig. 8d . 27 The results show that this device not only possesses higher pressure-sensitivity (1.41 kPa −1 ), but also exhibits stable resilience and super compressibility (>95%), due to the nano-reinforcement of Al 2 O 3 . Similar to that of other conductive network based sensor, the pressure measurement principle is demonstrated in Fig. 8d , namely the resistance of the network is determined by the pressure controlled conductive path. Inspired by the hairy skin, part of the network is imbedded in the polymer substrate while the other is free in the air. Thus, the exposed CNFNs corresponding to hair can detect tiny movement and air blow while the infiltrated section corresponding to skin can increase the mechanical stability. The electrodes corresponding to nerve can transmit electric signals. As shown in Fig. 8e , the sensor is sensitive enough to precisely monitor human physiological signals, including phonation, pulse, respiration and joint's movements, which indicates promising applications in healthcare and human-machine interaction.
For flexible strain/pressure sensor, the ultimate goal is to be applied in daily life. Therefore, in addition to excellent performances, low cost and simple preparation process are also of great importance for the sensors to have practical applications in real life. Recently, Han et al. reported an ultralow-cost flexible pressure sensor based on carbon black (CB) and airlaid paper (AP). 170 Compared with well-studied sensing materials, such as graphene, rGO (reduced graphene oxide), and Au/Ag nanowires, conductive CB and AP are ultra-cheap raw materials. The sensing materials are just prepared through drop casting CB solutions onto APs (Fig. 8f  top) following by stacking multilayer CB composites (Fig. 8f down) . The simply fabricated sensor has ultrahigh sensitivity of 51.23 kPa −1 . Except for human physiological signals monitoring, the sensor could be integrated into a flexible array electronic skin (Fig. 8g) for spatial pressure distribution detecting.
Beside the application of directly monitoring physical signs of human by integrating with skin, flexible strain/pressure sensors are also could be used to realize the intelligent haptic perception of robotics, which will make great significance on medicine and artificial limbs. Liang et al. proposed a new kind of highperformance flexible tactile sensor and sensor array based on photolithography and etching technique as shown in Fig. 8h . 171 By integrating the tactile sensor on the surface of a soft prosthetic hand, the smart hand could complete various tasks like a real hand, including imitating the process of traditional Chinese medicine pulse diagnosis to detect pulse signals in radial artery, as shown in Fig. 8i and provide real-time spatial distribution of pressure during grabbing objects as shown in Fig. 8j .
Acoustic signals
Flexible acoustic electronics with acoustic signals from human bodies as detection object is an important contribution to the development of flexible electronics. Generally, there are two types of flexible acoustic devices. One, usually called as flexible acoustic sensors or microphones, senses the vibrations on the skin surface generated by human organs or tissues, such as heart and throat. The time and frequency domain characteristics of sound signals are determined by the characteristics of vibration source as well as the medium, reflecting health status of corresponding organs or tissues. A representative flexible microphone was invented for seismocardiography and heart murmur monitoring as shown in Fig. 9a . 172 The flexible sensor is integrated with a MEMS accelerometer with low-modulus elastomeric encapsulation. It can simultaneously measure heart sounds and ECG signals by adding a pair of capacitive electrodes as shown in Fig. 9b . Heart murmurs are detected by measuring at tricuspid and pulmonary sites of a subject with mild tricuspid and pulmonary regurgitation, which illustrates the sensor's utility in cardiovascular diagnostics. Bowel sounds are also important, for their clinical correlations with intestinal function. 173 Wang et al. 174 have developed a flexible wearable wireless device for long-term and real-time monitoring of bowel sounds, which transmits the sound signal to the mobile handset through Bluetooth for waveform display as shown in Fig.  9c . It includes a 3D-printed elastomeric resonator for the improvement of acoustic sensing. Clinical tests have been conducted with a healthy volunteer and patients with mechanical intestinal obstruction or paralytic ileus, which demonstrates that the device is capable to capture the characteristics of bowel sounds as shown in Fig. 9d . Furthermore, due to its flexibility and portability, a nearly five-hour measurement was applied to monitor the bowel sounds of a subject after meal as shown in Fig. 9e . It turns out that the device can serve as a reference for possible applications of the system in the auxiliary diagnosis of bowel problems.
The other type of flexible acoustic electronics is based on ultrasound applications. Ultrasound is noninvasive and generally regarded as a safe monitoring method for human body. Compared with biochemical and deformation signals, ultrasound can penetrate into human body with large depth. However, the flexible ultrasound device for biomedical applications is only researched in recent years. A flexible and stretchable ultrasound array for continuous monitoring of central blood pressure was proposed in 2018 as shown in Fig. 9f . 175 By using of a 1-3 piezoelectric composite with a working frequency of 7.5 MHz and "island-bridge" layout, the overall thickness of the device is only 240 μm, and it can penetrate the depth of 4 cm under the skin. By measuring the echoes of the anterior and posterior walls of the pulsating blood vessels, the diameter of the blood vessels can be obtained as shown in Fig. 9g , and then it can be translated into blood pressure. The results of blood pressure in different arteries are in accord with those of commercial tonometer as shown in Fig.  9h . This work combines flexible electronics with ultrasound technology, achieving both wearability and high tissue penetration ability for nondestructive long-term monitoring of human deep tissues.
BIOCHEMICAL SIGNALS MONITORING
The chemical elements in human body are important and direct indicators of human health. The clinical diagnosis and detection of many diseases needs to retrieval blood sample or other biological fluids for analysis, which may involve physical trauma and bring the risk of infection yet just reflect one single physical condition on the time line. "Finger-pricking" in glucose monitoring for diabetics is a typical example. In order to trace the fluctuation of glucose level at different moment, it needs to be conducted repeatedly for multiple times throughout the day, which brings both physical and emotional pain to the patients. As the flexible electronics technology develops, the demand of wearable medical devices for remote medicine and chronic disease management at home is also increasing. As the alternatives or complements to blood, other more accessible biological fluids such as sweat, interstitial fluid (ISF), saliva, ocular fluid or urine also contain a lot of useful information for non-invasive continuous health monitoring. All of those leads to the progress of flexible electrochemical sensors for non-invasive or less invasive continuous monitoring.
Saliva and ocular fluid
Among those accessible biological fluids, saliva is relatively easy to collect and it contains lots of meaningful biological information about health, such as metabolites, enzymes, hormones, proteins, microorganisms and ions. 176 However, because of the complexity of oral environment, the real-time continuous on-site detecting biomarkers in saliva is challenging. Higher requirements are demanded from in-mouth operation for biocompatibility of the sensors, besides that, the moist condition in the oral cavity and the large movement of mouth caused by chewing and talking bring difficulties to the integration of biosensors into mouth. In consequence, the saliva-based sensors to date are usually integrated with teeth or mouthguard. [177] [178] [179] To achieve this, Mannoor et al. 177 printed chemically modified graphene onto water-soluble silk. Via silk bioresorption, the graphene nanosensors can be transferred onto tooth enamel to detect pathogenic bacteria in saliva. Moreover, the resonant coil integrated in the nanosensor obviates onboard power and external connections. Kim et al. 178, 179 developed mouthguard-based biosensors, which realized monitoring of salivary lactate and uric acid level. Although some studies indicate the good correlation between glucose in saliva and blood glucose, the composition of saliva is easily altered by the food or drink contamination, which restricts its applications in diabetes. 180 Because of close tear-blood concentration Fig. 8 Flexible pressure sensors for detections of motion, pulse and biomechanics of skin. a A strain sensor fixed to a data glove (higher left), relative changes in resistance versus time for data glove configurations. b Photograph of a device laminated on a wrist and a device wrapped on a cylindrical glass support (inset). c Schematic illustration to detect pulse on a human's neck with a microhair sensor. d Schematic illustration of the working mechanism of piezoresistive CNFNs and the pressure sensor, which is bio-inspired by human's hairy skin. e Photographs of CNFNs sensor attached onto the wrist to detect the pulse and fixed onto the human neck to identify voice. f Preparation process for CB@AP composites (top), and schematic illustration of the flexible multilayer CB@AP pressure sensor. g Array electronic skin for spatial pressure distribution. h The photograph of the sensor array, the scale bar of inset is 2 mm. i The process of pulse detection by a soft prosthetic hand integrated with the tactile sensor and the detected pulse signal. j The pressure distribution at different moment when two soft hands rolled a ping pong ball. a Reproduced with permission 157 correlations, tear is an attractive biological fluid for its potential applications in non-invasive and continuous glucose monitoring, but is hard to access. Contact lenses provide a unique wearable platform for sensor and circuit integration as they realize continuous contact with tear fluids, at the same time without eye irritation and avoiding discomfort to the wearer. 176 The addition of complete electronic functional components (including sensor, antenna, interconnects and so on) within such small area of contact lenses platform may impact the field of vision of the subject. To ensure optical transparency for unobstructed vision and at the same time guarantee reliable mechanical and electronical properties, Kim et al. 181 introduced the graphenesilver nanowire hybrid electrode instead of opaque electronic materials, which provided the contact lenses sensor sufficient transparency (>91%) and stretchability (~25%).
Sweat
Sweat is the most available biological fluid in human which is distributed over most of the body and can be accessed continuously. 182 The chemical components in it contain abundant valuable information about a person's health status, including metabolites (e.g., glucose, lactate, and alcohol) and electrolytes (e.g., potassium, calcium, and heavy metal ions). 57 It has been exploited for diagnosing diseases, such as diabetes, Cystic Fibrosis and diseases caused by abnormal concentration of heavy metals. 183, 184 As shown in Fig. 10a , the general structure of flexible electrochemical sensors consists of three components i.e., sweatuptake layer, chemically modified sensor electrodes and encapsulation. Sweat-uptake layer contacts with the skin, absorbing and retaining sweat by capillary forces. Varies of micro-porous materials have been explored as the sweat-uptake layer in the epidermal sweat sensors, such as recycled cellulose sponge, polyurethane sponge, polyvinyl alcohol sponge, cellulose paper and silicone sponge for epidermal analysis of sweat. 185 Chemically modified sensor electrodes convert the biochemical signals to electric ones, and the surface nanocrystallization could increase sensitivity. 57 Encapsulation envelopes the sensor and provides soft support for wearing comfort.
Inspired by the conventional temporary tattoos, the first example of tattoo-based electrochemical electronics is fabricated via screen printing, which have enabled continuous chemical sensing by intimate contact with the skin. 63 Based on this technology, an epidermal electrochemical biosensor has been developed for real-time analysis of sweat lactate during exercise as shown in Fig. 10b . 65 The lactate sensor demonstrated high specificity toward sweat lactate and good resiliency against different deformation from physical activity. Later, this fabrication methodology has been developed for diverse applications, such as monitoring sodium, 66 PH, 68 Alcohol, 64 and Glucose 67 in sweat.
As shown in Fig. 10c , recent progress has shown that the epidermal sweat-based glucose sensing and transdermal drug delivery can be integrated on a wearable patch. 57 The sweat collection and measuring accuracy are benefited by the integration of PH, temperature and humidity sensor as well as the miniaturization of the glucose sensor. To improve the electrochemical activity of sensors, porous gold electrode is formed by electrodeposition maximizing the electrochemically active surface area and strongthening the enzyme immobilization. A graphenehybrid structure based electrode consists of the gold-doped graphene with a gold mesh is developed to enlarge the electrochemically active surface area while maintaining the flexibility and high conductivity of the device. 56 To monitor multiple chemical components in sweat simultaneously, a serious of fully integrated wearable sensors for sweat analysis have been developed, and the typical one is shown in Fig.  10d . 59, [186] [187] [188] In these sensor arrays, different chemically modified electrodes for selectively monitoring calcium, sodium, potassium, heavy metal, lactates and glucose concentrations in sweat are fabricated on the flexible polyethylene terephthalate (PET) substrate by physical evaporation and electrochemical deposition methods. The sensing component is connected to a flexible printed circuit board for critical signal conditioning, processing, and wireless transmission. What's more, in order to exclude the influence caused by PH or temperature variation, the integrated system also integrated temperature sensor and PH sensor to compensate the sensors' readings. Thus, these fully integrated systems enable wearable, simultaneous, continuous and noninvasive sweat monitoring, which is of potential to enhance the conventional accurate analysis of chemical elements in human body that relies on bulky and expensive instruments.
Although rapid progress has been made in sweat-based sensor, it is still faced with many challenges, such as the comfortable and accurate measurement in the circumstance of less sweat (e.g., in cold climate or for the sedentary individuals) and the collection and storage of sweat. To solve the former question, actively stimulating sweat gland to secrete more sweat provides a solution. To extract enough sweat on-demand at certain locations, iontophoresis is a widely used method. 64, 188 As shown in Fig. 10e , an electrochemically enhanced iontophoresis interface is integrated in the sensing system with various secretion profiles. 188 Results show that this device is of value in cystic diagnosis and the correlation studies of blood and sweat glucose. On the other hand, in order to realize wireless and power free monitoring and analysis of sweat, devices based on microfluidic systems have been reported, consisting of a network of functionalized channels and reservoirs where chemical analyses respond in colorimetric fashion is embedded as shown in Fig. 10f . 184 The sweat is captured and routed to the micro-channels and spatially separated regions for multi-parametric sensing of markers of interest. [189] [190] [191] [192] [193] [194] [195] [196] [197] Glucose The wide spread diabetes and their need for long-term and accurate glycemic control make the glucose monitoring technologies, especially the non-invasive ones, most desirable and attractive, thus various schemes have been investigated, including optical and electrochemical ones. 198 Among them, wearable electrochemical glucose biosensors are most concerned. Many body fluids containing glucose can be deployed as the measuring target, such as sweat, skin ISF, tear and saliva, and so on. Sweat and skin ISF are the most commonly used samples in non-invasive glucose monitoring, and lots of devices have been developed. 199, 200 ISF surrounds the tissue cells allowing the continuous exchange of small molecules between cells and capillaries, so it has the very similar composition of a number of clinically important biomarkers to blood, such as protein, glucose, and ethanol contents. Especially, the concentration of glucose in ISF is one order larger than that in sweat. 201 Moreover, research using a subcutaneous glucose sensor shows that there is a just small time difference (about 4-10 min) between blood glucose and interstitial glucose. 202 Thus, the ISF is a good alternative to blood for glucose monitoring.
However, due to the barrier of skin, ISF couldn't be detected directly on the surface of skin. To achieve non-invasive continuous monitoring of glucose in ISF, reverse iontophoresis provides a solution. The process involves driving the uncharged and charged species from ISF passing through the dermis to the surface of skin with the application of a low electric current. In this way, detecting process can be non-invasive. [203] [204] [205] Tattoo-based device is an effective platform, as illustrated and photographed in Fig. 11a , b. 67 The results have shown that with this platform, reverse iontophoretic process, illustrated in Fig. 11c in time frame, dose help the extraction of ISF glucose and improve the current response for noninvasive glucose detection. 67 Although reverse iontophoresis is a promising way to improve the efficiency of glucose measurement, there are still problems that need to be taken into further consideration, like the use of a high-density current and a long warm-up time may cause skin irritation. To ensure the enough amount of glucose driven out from the ISF in low-current occasions, Chen et al. have proposed a creative method of electrochemical twin channels (ETCs), which is schematically pictured in Fig. 11d . 58, 206 With the help of an electric field, the hyaluronic acid is penetrated into the ISF changing the osmotic pressure in it, thus prompting intravascular blood glucose to be driven out of the vessel and transported to the skin surface. The flexible biocompatible paper battery and the ultrathin skinlike biosensors are integrated in the device, as shown in Fig. 11e . 58 Clinical trials demonstrate that the response of the biosensor with ETC is much higher and has a high correlation (>0.9) with clinically measured blood glucose levels, as shown in Fig. 11f . 58 To truly implement the function of accurate glycermic control, the feedback therapy actions to the abnormal glucose level are indispensable, thus forming the close loop of the diabetes management. Microneedles and microneedle arrays have attracted a lot of interest recent years for their potentials in offering minimally invasive methods for bio-sensing and therapies through transcutaneous drug delivery by direct contact and interact with ISF. Transcutaneous microneedle patches have been reported as drug delivery system to be used in treatment of various diseases, such as diabetes and cancer. [207] [208] [209] Generally patches are based on a series of bio-responsive materials for controlled drug release by embedding drug-loaded micro-particles coated with bio-responsive material into microneedles, and the microneedles release the drug by responding to the biological conditions as demonstrated in Fig.  11g . 210, 211 The therapy microneedles in electrochemical device consist of bioresorbable thermos-responsive materials, as shown in Fig. 11h . 56 When the glucose sensor detected over-threshold recordings the embedded heater shall be triggered to work, resulting in dissolving of outer phase change material and releasing of the drug in the microneedles. 56, 57 
DISCUSSION
After decades of development, the flexible inorganic bioelectronics have opened up many interdisciplinary research fields and expanded and enriched them rapidly with ever increasing speed. Biomedicine, which is expected to solve the issue of human health, is regarded as the most concerned application direction for flexible and stretchable bioelectronics both scientifically and commercially. Although lots of worldwide scientific works have offered abundant and striking results in materials, mechanics, designs and initial application in biomedicine of flexible and stretchable electronics, there is still plenty of room to be explored and constructed under this topic. Here we provide our views from the perspective of scientific research as well as the industrialization.
For the aspect of scientific research, the potential research directions of interests are the following yet not limited to, (1) to further improve the integrated level of the devices, such as integrating multi-function in a single device by multi-layer structure design or minimizing each functional unit; (2) to develop closed-loop systems that contain real-time monitoring and therapy unit; (3) to develop energy solutions that are as flexible, stretchable and biocompatible as the well-developed sensors and circuits; (4) to explore new biomedical applications where the bio-environment much more complicated than human skin, like inside the human heart, brain tissue or pulmonary alveolus; (5) to investigate in the science problems that lie on the way of scientific research to industrialization, such as the stability, fatigue, and robust issue of the devices, to offer Fig. 11 Non-invasive monitoring of glucose in interstitial fluid and the drug deliver by microneedles. a Schematic of a tattoo-based glucose detection system that combines sensing module with the system for reverse iontophoresis. b Photograph of a tattoo-based glucose sensor applied to a human subject. c Schematic of the processes involved in monitoring glucose by tattoo-based glucose sensor with reverse iontophoresis. d Schematic of the ETCs, which perform HA penetration, glucose refiltration, and glucose outward transportation. e The flexible biocompatible paper battery (left) and the ultrathin skin-like biosensors (right) attached to the skin used for ETC measurement. The inset shows the hyaluronic acid sprayed under the paper battery anode. f Results of 5-day glucose monitoring with the glucometer (red) and ETC devices (blue). g Schematic of microneedle-array patch for in vivo insulin delivery triggered by a hyperglycemic state. h Schematic drawings of the diabetes patch, which is composed of the sweat-control (i, ii), sensing (iii-vii) and therapy (viii-x) components (left) and the drug-loaded disposable microneedles (right). a-c Reproduced with permission 67 the solutions with new materials, structure designs or systematic mechanisms.
From the perspective of industrialization, the blanks concentrate mainly on the mass production technology as well as the standards which are used to evaluate and assess the springing-up products. 212 The mass production technology includes both fabrication equipment and testing machines, since the current technology cannot be directly used to product flexible and stretchable electronics, especially for biomedical devices. The initial trial has been conducted in Europe in manufacturing transfer printing machine. Besides, when more and more products had been brought out, professional standards would be needed to evaluate their properties, like stretchability, flexibility, biocompatibility and so on, thus paving the rules and regulations for the process of industrialization. Hopefully, with the joint endeavor in science and industry, the day when we enjoy all kinds of flexible and stretchable biomedical devices improved living life would come soon.
